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ABSTRACT 

Data from a satellite-borne, tilted, spinning fluxgate mgne- 
tome'er are subject to inherent ambiguities when the sanrpled ambient 
fie? . is dynamically active. 
wher the sampling is mltirate. In this paper, the intrinsic limita- 
t i o r : ;  of a multirate-sampled, tilted fluxgate system are described, 

the :)reduction of fictitious ambient vectors is explained, and the 
con( -tions for extracting meaningful physical quantities, such a s  

fie.11 magnitudes and power spectra, are discussed. The results are 
app. Led to the Explorer 18 (IMP-1) mgnetometer system in the tran- 
sit m region, and it is shown that the ambiguities of the system do 
in 'act limit the interpretability of the Explorer 18 data there or 
in iy other region of mgnetic activity. 
cis s Ly identifying "collisionless shock" and "turbulent field" pheno- 

men. is discussed, and the probable role played by indeterminate 
errlrs of the IMP fluxgate system in producing the discrepancies be- 
twe:n Fxplorer 18 magnetometer and other transition zone field and 
pLa:ma observations is noted. 

These ambiguities are further compounded 

The impossibility of pre- 
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AMBIGUITIES IN THE DATA FROM TILTED, SPINNING 
F'LUXGA~ MAGNETOMFPERS: APPLICATION TO W-1 

by 
R. W. Fredricks, E. W. Greenstadt, and C. P. Sonett 

1. INTRODUCTION 

The most extensive satellite-borne mgnetometer measurements t o  

da te  were made by Explorer 18 (1963-46A, o r  ffIMP-l") i n  l a t e  1963 and 

the f'irst half of 1964 ( N e s s ,  Scearce, and Seek 1964; Ness, Scearce, 

S e e k  I and Wilcox 1965). 
pari of a l l  the d is t inc t  regions surrounding the Earth -- interplanetary 

spar c x ,  the magnetosphere, the t ransi t ion zone, and the  geomgnetic 

t a i l  -- have served both t o  establish conclusively the permanent exis- 
t en (?  of these regions and t o  verify those gross Characteristics of 

eacl. of them previously identified or  only conjectured on the basis of 

sparser evidence from ea r l i e r  spacecraft or from ground observations. 

[Ra t  her than encumber t h i s  introduction with reference t o  the extensived' 

l i t c r a tu re  on both geomagnetic and interplanetary f ie lds ,  we d i rec t  the 
reac :'r t o  t h e  bibliography prepared by Hess, Mead, and Nakada (1965) .I 
In Eddition, cer ta in  special  features of the physical m e d i u m  i n  which 

the Ihr th  resides have been identified, by interpretations of the 
Expr orer 18 magnetometer record, a s  a "collisionless shock" separating 

the solar wind from the t ransi t ion zone, a "turbulent" or "chaotic" 
trar [:ition zone f i e l d  (Ness e t  a l .  1964), a neutral  surface in  the t a i l  
(Ne: :; ~965b) ,  a solar-wind sector structure (Wilcox and Ness 19651, and 

These measurements, which covered a t  least 

-- 

a "r.r~gnetohydrodynamic lunar wake" (Ness 1965a, c>  . 
There are, however, discrepancies w3th e a r l i e r  work; Sonett, 

Judit?, and Kelso (1959) and Sonett and Abrams (1963) described a pre- 

ferciice i n  t ransi t ion region f i e lds  fo r  cer ta in  per iodici t ies  there, 

and Sonett and Abrams (1963) reported 100 gamma f ie ld  enhancements i n  

the Pioneer I t rans i t ion  zone. 
pub: :-shed Explorer 18 results. 

Neither phenomenon has been reported in 
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More recent publications by several authors have also revealed 
discrepancies between their results and those of the Explorer 18 mgne- 

tomct,er in the transition region. 

ported that their locations for the transition zone outer boundary 
agrf ed with those of Ness -- et al. (1964) in approximtely 79$ of the IMP-1 
pasics, while their locations of the magnetopause agreed only 64s of the 
timc with those of the magnetometer. Individual examination of the nine 
trm sition boundary locations for which graphs of magnetometer data 
haw been published by Ness -- et al. (1964), Ness (1965a), and Ness - et 

- ale 11965) shows that in only two cases did the "shock" positions agree 
to 4thin .1 earth radius with positions given in Tables 1 and 2 of 
Wol '3 -- et al, (1966), while in two cases the locattons disagreed alto- 
get I=, in four cases they permitted possible overlap, and in the re- 
maiiing case only a questionable boundary could be identified fromthe 
mgt2tometer data. 

tra isition zone fields determined by Explorer 12 were in general larger 

tha 1 those of' Explorer 18. 
Smi,h (1966) identified the transition zone boundaries determined by 
ins;rwnents on 020-1 by abrupt changes of factors of 2 to 4 in dc field 
maglitude, as w e l l  as by the sudden occurrence of field fluctuation, 
wher-eas the data of Ness et al. (1964) Seemed to show the same mami" 
tu2 : effect only once. 

Wolfe, Silva, and Myers (1966) re- 

Fairfield and Cahill (1966) aoted that the 1961 

Heppner (1965) and Holzer, McCleod, and 

-- 

Since it is natural that space physicists should use the Explorer 
18 lata to look beyond mere identification of significant spatial re- 
gic?s and into the detailed physics of the Earth's environment, it i s  

iqxtant to consider the meaning of these discrepancies and to try to 
isc!ate instrumental contributions before physical explanations are 
off ?red. 

mag2etometer data were processed, regardless of the nature of the raw 
datj, on the assumption that the instruments were sampling a constant 
amtient field. 
of ;he medium, examining d t h  care the magnetic aspects of this behavior 

Such isolation is especially necessary because the Explorer 18 

We mst therefore consider the potential dynamic behavior 
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and 
Exp1,rer 18 magnetometer. 
an e.uoinat,ion in which we have studied the capabilities of the instru- 
ment and of instruments of comparable design, to provide useful infor- 
matim on the physics of the Earth's distant magnetic environment. 

.ne way these may reveal themselves in the data taken with the 
In this paper, we present the results of such 

The results are disappointing. We find that sequentially sampled, 
tilt?d, spinning fluxgate experiments in general, and the Explorer 18 
expe-iment in particular, are inherently incapable of rendering an ac- 

cura:.e picture of the ambient field when that field varies to any ap- 
preciable degree and, moreover, that some of the already inferred 
proy i-ties of the distant field, particularly in the transition region, 
must te accepted with reservations or rejected entirely because of ef- 
fects based on subtleties in the complex process of data collection, 
saw ing, and reduction. The effects to which we refer seem not to be 
generally appreciated, although they are w e l l  known to conmimication 
thec -ists and magnetometer specialists. These are 1) the difficulty 
of a2counting for spin-signal folding in the raw data (Sonett 1966), 
2) t-e problem of determining signal shapes on the basis of multiply 
periztdic sampling, which introduces compound spectral folding into the 

1proC:ssed data and, most importantly, 3) the impossibility of recon- 
stmrtrlng three dimensional magnetic vectors from uniaxial or  biaxial 
meae drements with tilted fluxgates (Greenstadt 1966, Appendices A and 
C), 1 condition we call "vector aliasing". 

, 

Spectral folding and vector aliasing occur when certain, rather 
strlr:gent, conditions on the sampled ambient field are violated. The 
familiar condition requlred for accurate scalar signal spectral analysis 
is t-at data sampling rates exceed the frequencies present in the 
amblrnt signal by at least double the highest frequency component i n  

the :ignal (the Nyquist frequency); the condition for credible vector 
recczstruction is that any variation in the ambient field be slow in 
comg?rison with the spin rate of the spacecraft. It is the third dif- 
ficu!ty mentioned in the preceding paragraph, vector reconstruction, to 
whic- this paper is -primarily devoted, for other measurements clearly 
demclstrate violation of the second condition. The first Pioneer I 



measurements (Sonett, -- e t  a l .  1959), for  example, revealed the presence 
of t r . n s i t i o n  zone f i e l d  oscil lations,  the de ta i l s  of which were des- 

cribt i n  several subsequent publicatfons by Sonett and collaborators 

( s e e  iieess, Mead, and Nabda 1965). 
t e r s  . - ,baud OGO-1 (Holzer -- et al. 1965) have shown that the  magnetic 

fielc i n  t h e  t ransi t ion region is  fluctuating with significant energy 

over Lhe frequencies encompassed by the bandwidth (0-5 C / S )  of the 
fluxgate magnetometers on Explorer 18. 
magm -;ometer on the same OGO (Heppner 1965) has measured significant 

spor: die fluctuations of the t ransi t ion region f i e l d  a t  frequencies 

from dbout 0.8 c / s  t o  1.2 c/s, with amplitudes up t o  several gannnas 

(corn- Iared with the apparent dc leve l  of some 10-30 gammas), and, 
flna Ly, large f i e l d  oscil lations with per iodici t ies  9 t o  40 sec a re  

appa*?nt i n  preliminary observations of the  VELA 3 magnetometers 

( G r e  Lnstadt, Inouye, Green, and Judge 1966). This information, coupled 

w i t h  the resul ts  of t h i s  paper, casts reasonable doubt on the rel iabi-  

l i t y  3f the vector available from 9 spinning, t i l t e d  f‘lwtgate i n  the  

t ran ; i t ion  region, even with perfect, unsampled data signals, and casts  

even further doubt on the published quantit ies derived from the reduc- 
t ion procedure applied t o  data taken by EXplorer 18 i n  % region of 

sign-ficant magnetic disturbance. These observations may help t o  ex- 

plai ‘. both the apparent discrepancy between Explorer 182s t rans i t ion  

re@ r)n f i e ld  magnitudes and those detected by Pioneer I (Sonett and 
Abr: -1s 1963) and Explorer 12 (F’airfield and Cahill 1966), and the fa i lure  

of t h e  Explorer 18 experiment t o  report the multiple boundary crossings 

obst x e d  by E O - 1  (Holzer -- e t  a l .  1965; Heppner 1965), Mariner 4 (Coleman, 

Smi”h, Davis, and Jones 1966), and VELA (preliminary unpublished data).  

Lately, the  search c o i l  magnetome- 

Also, the t r iaxial  fluxgate 

In Section 2 we discuss the general response of a t i l t e d ,  spin- 
ning fluxgate magnetometer, and specialize t o  cer ta in  types of f i e l d  

fluctuations, showing that unless the ambient f i e l d  2 is  quiet (6B << B), 
or trdess the energy spectrum contains components of significance only 
neai zero frequency, the t i l t e d  fluxgate magnetometer cannot yield a 

tru:l.worthy measure of the ambient f i e ld .  

effe::ts of multirate sampling on a fluxgate signal, showing that i n  
general unambiguous power spectra cannot be obtained when the ambient 

rc” a. 

In  Section 3 w e  describe the 
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field oscillates significantly. 

sing 2mployed by the Ekplorer 18 experiments, showing the dependence of 
their procedure on assumed field-time independence. 
apply the analysis of Sections 2 and 3 to Explorer 18% measurements in 
the t-ansition region, showing that both the published data of the 
Explc-er 1.8 magnetometer themselves and the more recent measurements of 
field fluctuations by OGO-1 and V3LA empirically support the conclusion 
that :he theoretical difficulties described in this paper actually do 
destrr:y the effectiveness of the magnetometer in this region, or, indeed, 
of ar! comparable instment in any other region of l i k e  character. 

In Section 4 we review the data proces- 

In Section 5 we 

2 .  THE OUTPUT OF A SPINNING, TILTED FLUXGATE MAGM%POMETED 

In this section we present the general equation for the output 
of 8 spinning, tilted fluxgate and then specialize it for two selected 
type: of possible ambient field fluctuation. We s b l l  employ the nota- 
tion of Ness I- et al. (1964), in order to permit later application, with- 
out ( hange, to the results to Explorer 18. 

The two distinct types of ambient field fluctuations we shall 
cons.tler are, first a purely amplitude modulated field z(t) = slB(t), 
where e is a constant vector, and, second, a purely phase modulated -1 
fielc where the field amplitude is constant, but the direction f ,  In 
spacf craft coordinates (see Fig. l), varies. 
whicl both amplitude and phase modulated fields are present and coupled, 
whilt magnetodynamically more realistic, is not treated here, since the 
two LJunixed cases serve as adequate illustrations of the inherent ambi- 
guit: in analyzing modulated data. A less specialized treatment of 
ur,coi:3led amplitude and phase modulated field measurements by both 
fluxlpte and search coils has been presented by Sonett (1966). 

The more general case in 

-- Gene a1 Fluxgate Geometry and Output Signal. 
tilted fluxgate magnetometer is  shown in Fig 1. 
sume( to spin about the z-axis at the rate LO rad/sec. The ambient 
fielc vector B(t) is directed at an angle (2 to the spin axis, and its 
projection on the x-y plane normal to the spin axis subtends an angle 

The geometry of a typical 
The spacecraft is as- 

m 
.C 

ti the projection of the sun-satellite line on the x-axis at t = 0. 
0 
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The f.=gate axis of sensitivity subtends an angle 8 to the spin vector 
I w (i. ’., to the z-axis). 

The fluxgate’s continuous output signal, generalized to the time 
deper:.ent case, is written 

f ( t )  = B(t) [cos a(t) cos 8 -t sin a(t) sin 9 cos (w,t-$(t))] 

(2-1) 

or, -11 terms of ambient field components B (t) = B(t) cos a(t) and B (t) = 

B(t) :;in a(t), respectively parallel and perpendicular to the spin axis, 
I1 I 

In later sections, we shall also need the first and second time 
deri7xtives of f .  These are given, in terms of B and B by 

I It ’ 
t(t) = -B (t)sin8[om-i(t)]sin[~ m t-$(t)]+B I sinOcos[cu m t-$(t)] 

I 

+B (t)cos9 (2-3) iI 
and 

-2B ( t ) sin8Cwm-$ (t ) 1 sin[ comt -$ (t ) ] 
I 

.. 2 1  

+B (t)sin8cos[cumt-$(t)]+B (t)cos8 . 
I I1  

We niste at once the complexity of these expressions in contrast t o  the 
simp. Lfied contractions which result when vector €&is (or as with 
E X P L I ~ ~ ~  18, is assumed) constant (see Section 4). The resulting sim- 
plif ?ations [Eqs . 4-1, 2, 31, although superficially advantageous in 
term. of permitting a simple straightforward algebraic solution for the 
basil. parameters of the dc component of ambient field, pay an obvious 
pena. ty in inaccuracy when the neglected terms are significant and can 
be u: ed with confidence only in regions known in advance, or inferred 
on s- rong evidence, to be magnetically quiet. 

(2-4) 



Ampl?:,ude Modulated Field. 

f ie lc  of constant direction, but varying amplitude, given by 

We now specialize t o  the case of an ambient 

N .- 
B ( t )  = Bo + 4 Bn cos ( n o  t-cpn). 

n= 
\ 2-5 

By s ~ i t a b l e  choice of R, cpn, Bn, and N such a Fourier se r ies  caa approxi- 

mate s.ny reasonable waveform B ( t )  over a res t r ic ted  time interval  

0 S - f  S T .  

If (2-5)  i s  combined with (2-1) the result ing output f’unction is  

N - 
f ( t )  = BoAo+Bo\cos(umt-$) + BnAocos(n n tq,) 

where A = cos a cos 8, 4. = sin (3 s in  9. 
v a t i t x  of f are 

The f irst  and second deri- 0 

. t -f(t) = 03 m o l  B A sin(umt-$) + 

+ (l12< B ~ A ~  { (um+n n)sin[urn+n n)t-(tk-+-q n )I 

n Q BnAosin(n Cl tqn) 
n= 

N 

n= 

and 
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In  a magnetic survey experiment, the  unknown f i e l d  parameters 

of E,ch a f i e l d  a re  B and 'p and it is obvious that many higher 

der iva t ives  than the first two shown above a re  required t o  supply enough 
equations for solution. Since, i n  a pract ical  data reduction procedure, 

t h e  ctifferentials would be obtained by nth - order differences, it follows 

thai for large N, rather long records a re  needed i f  the N t h  - difference 

is ' o  be based on enough points t o  carry significance. If only the dc 

coqonent of the ambient f i e l d  is  desired, it can be obtained, provided 

0 7  "u)~, by passing the r a w  signal frm the instrument through a narrow 

pas -band f i l t e r  centered a t  am. O f  course i f  the ambient energy con- 

t a i  ?d i n  the dc component i s  only a minor f ract ion of the t o t a l  f ie ld  

ene %y, the  resul t  i s  of l i t t l e  interest .  !BE specific application of 

thi: type of l imitation t o  Explorer 18 &ta in the t rans i t ion  region 

I i i l .  be given i n  Section 5 ,  but we i l l u s t r a t e  the  potent ia l  d i f f i cu l ty  

h e r '  wi th  an elementary example: 

n n' 

Most researchers who have processed sequentially sampled data a re  

fam.Liar with the term "aliasing", which describes the overlapping of 
s p e - t r a l  orders centered on harmonics of the sampling frequency, i.e., 

t he  si tuation i n  which the sum of a sampling frequency harmonic and the 

f repency  of one signal component i s  equal t o  the sum of another samip- 

ling frequency harmonic and the frequency of second signal component. 

Und?r t h i s  circumstance, the separate contributions cannot be d is t in-  

gui3hed. 

analagous phenomenon peculiar t o  the t i l t e d  spinning fluxgate, which we 

designate "vector aliasing" t o  describe a s i tuat ion where nonconstant 

f reuency  components of the ambient f ie ld  can simulate false vector pro- 
jec:ions i n  the spacecraft f r a m e .  This phenomenon i s  not t o  be confbsed 

wi t -  the  more obvious d i f f icu l ty  which OCCLWS when the three camponents 

of 3. variable vector a re  sampled sequentially over a time period cam- 
par :.ble t o  that with which the vector changes, 
e x e q l e  of vector aliasing, l e t  n = LU 

Eq. ( 2 - 6 ) .  Then 

A s  the m i n  point of th i s  paper, we c a l l  at tention to an 

As a simple, elegant 

Cx = 0, Bo = 0, and N = 1 i n  my 

f ( t )  = B1 COS 8 COS (a m tq,) , 
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accorzing t o  which a signal produced by a variable f i e l d  a l o x t h e  satel- 
l i t e  spin axis is ident ical  in every way to, and lndlstlnguishable from, 
the ::-mal which would be produced by a constant f ield of magnitude B 

perpcridicular t o  the spin axis.  
accurulation of equations or narrow pass f i l t e r s  and no wide band tele- 

metq , no matter how perfect, can help distinguish the true from the 

falsf vector. 

the xond chosen type of modulation is  discussed next. 

I 
Note tha t  i n  cases of this kind, no -- 

A second d i s t inc t  exanrple of vector a l ias ing caused by 

P h a s '  Modulated Field.  The second special case we use fo r  i l l u s t r a t ion  

1:; o LE i n  which the amplitude 13 and polar angel a: of the ambient f i e l d  

tire :onstant, w h i l e  the  azimuthal angle t ( t )  i s  a l inear  f'unction of 
t i m e ,  We have, from (2-l), and i t s  first and second derivatives, 

- "  

* 2  .. 
f = -(am-$) BA1 cos [cu,t-$H)] + ;BA, s i n  [wmt-$(t)], 

wher: A and A are  defined as before. 
0 1 

If $(t) = n t  -t- cp, then 

(2-12) 

and 

2 .. 
'f(t) = -(am- n) BAL cos [(om- n)t*] . (2-14) 

In  the nearly synchronous case, u) t he  instrument will appear m 
to 3ield a constant output signal 

f ( t )  = B(A~+A,- COS tp) . (2-15) 
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This -ase, because of the apparent absence of spin modulation, could be 

error::.ously interpreted as a s t a t i c  ambient f i e l d  directed along the spin 
axis, when actually the ambient f ie ld  is rotating, with constant ampli- 

tude: i n  synchronism with the spacecraft 's rotation. The apparent 
a m b i t r i t  'vector' deduced in t h i s  si tuation could even be orthogonal t o  

the  +'-ue one if, say, Cy = n/2, and thus en t i re ly  fa lse .  

Before applying these generali t ies and hypothetical cases t o  the  

Wp- )rer 18 experiment, we look br ief ly  i n  the next section a t  the ad- 

d i t '  >mal, more conventional ambiguities ar is ing when any signal i s  sub- 

ject :sd t o  multirate sampling. 

3.  MULTIl?A'I% SAMPLING LIMITATIONS ON SPECTRAL ANALYSIS 

Often, when absolute o r  re la t ive magnitudes cannot be found re- 
1ialL-y from experimental data, much usef'ul information s t i l l  may be 

g a i r t d  by examining the frequencies present when recorded signals fluc- 

tua-e .  

ave-ages such a s  power spectral  density from fluctuating f i e lds  seen 

by i t i l t e d  fluxgate system and subjected t o  multiply periodic sampling 
of - he particular form used by Explorer 18. 

We therefore discuss br ief ly  the problem of extracting scalar 

W e  begin with a general expression g ( t )  for  the t r a i n  of data 

pul  2s f r o m  a single fluxgate i n  terms of the  continuous fluxgate sig- 

nal f ( t )  . 
~ x p  . x e r  18 special case. 

A s  before, we employ a notation d i rec t ly  applicable t o  the  

We write 

whe-e u i s  the unit  sampling function and the parameters 7, Ta, T1, 
3 

and T2 correspond t o  characterist ic parameters of the Explorer 18 data 

forcat shown pa r t i a l ly  i n  Fig. 2, and explained f'ully in the next 
sec;ion. The expansion of (3-1) expl ic i t ly  i n  i t s  Fourier representa- 
t i c 1  i s  

-10- 



wherc o = 2rr/T2. 
S 

The frequency spectrum of (3-1) i s  given by 
cv 

whici can be expressed as the double convolution integral  
m m 

G(U) = J w'' f drul ~ ( c u - c u ~ ) ~ ~ ( c u ' - c " , ~ , ~ ~ ) ~ ~ ( ~ ' ' , ~ ~ , ~ ~ )  (3-3) 
-00 ,m 

wher : 
m 

Ul(n,T,TS) = J ul(t)ei ' tdt  = r/Ts{6(i2) 

m 

'J2(Q l1'2 T T ) = , [ u2(t)ei tdt = Tl/T2{6(Sl) 
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One can write (3-3) in the expl ic i t  form 

m m  

s i n  nnx s in  my re-in(w+m;Y)F(c+m 
2 I-. S 

wheit? x #r/Ts, y = T / T  and the spectrum F(u) is  given by 1 2’ 

F(a) = eihf(t)dt  = B(t)rA 0 +A,-COS(CU m t-$)]eiotacl, 

and A0 = cos a cos 9, = s in  cx s in  8 .  

The amplitude spectrum of the unsampled signal is  formally 

F (4 

and b(a )  i s  the amplitude spectrum of the ambient f i e l d  amplitude 

OD =.s eiurtB(t)dt . 
,Q) 

We note from equations (3-4) and (3-5) the following important 

1in;-tations on the a b i l i t y  t o  extract the power spectrum of the ambient 

fieA.. The power spectrum of the sampled signal can be expressed as 

-12 - 



* 
wher’ G (a) i s  the complex conjugate of G(cu). 

the  .roduct (3-6) w i l l  contain terms of the  type 

We see from (3-4) tha t  

.2 

+ e-’*{ b*( a) b (Crrtco m ) +b (a) b*( a>-Om)} 

+ ei’{ b*( 8) b( o)-w m ) +b( ~ ) b * (  hm)} 

and i t  i s  obvious tha t  the leading term (3-7)  of the product (3-6) wi l l  

reprc-.sent t he  unaliased power spectrum I b (a) I of t he  ambient f i e l d  only 

i f  t v l e  cross products b(a)b (&am) - e tc .  a l l  vanish. This i s  a condition 
on t ‘Le bandwidth of b(u)) and the spin frequency um. 
be t ne  only contributor t o  the  product (3-6)  i f  there were no saqling, 

i , e , >  i f  there were continuous telemetry transmission of the fluxgate 

sigral f ( t ) .  

van-lzhes for  u) > um/2 the power spectrum of the ambient f i e l d  cannot 
be Extracted from the data even i n  the  absence - of sampling. 

2 

* 
The term (3-7)  would 

It follows f r o m  (3-7) tha t  unless t& spectrum b(a) 

--- - 
- - -  ------ 

However, i n  t h e  presence of the multirate sampling eqressed  by 

equstion (3-4), the l imitation just  given for the continuous signal case 
i s  I o t  even applicable. 

( 3 4  ;I terms of the so r t  

When am >> (as,a2) there occur i n  the product 

F(cu)F*(&ms) n = 1,2,3 0 . .  

s innx 
IITTX 
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whic,. i n  turn imply products of the form 

If co2 < us, the overlapping spectral  products (3-8b) Will place 

a m Ire severe l imitation on the bandwidth of b(u) required t o  avoid an 
a l i  sed power spectrum. It will be shown i n  Section 4 tha t  just these 

con-it ions prevail i n  the case of the Ekplorer 18 magnetmeter. 

4. TRE EXPLORER 18 MAGNE"POMETP( SYSTEM 

In th i s  section, we review those aspects of the Bcplorer 18 sys- 
terc necessary t o  t h i s  paper. 

mapietometers and data sampling procedure the reader i s  referred t o  the 

reE :rt of Ness e t  a l .  (1964). 

For a more complete description of the 

-- 

-- The Sa te l l i t e  Data System. 
'B ' ,  were mounted on booms 180* apart, with fluxgate A t i l t e d  at  CIA = 60' 
ane B a t  O B  = 30 

s i p - . a l  f ( t )  for  an interval  of 4.8 sec each 20.5 sec i n  the sequence! 
A-I-A-B. ....- A-B, for a t o t a l  of 12 samples (six from fluxgate A, a l t e r -  
nat J.ng with s ix  from fluxgate B) . 
thcri occurred during which the rubidium vapor magnetometer was read out, 

anc the en t i re  sequence was then repeated. 

Explorer 18% fluxgates, denoted as 'A' and 

0 re lat ive t o  s. The telemetry sampled the continuous 

A 102 second gap i n  t h i s  sarqpling 

The sampling format i s  shown schematically i n  Figure 2. If the 

A ind 13 sensors are  treated as  an equivalent single instrument by cor- 

re:t ing €or the difference i n  tilt angle and for any existing relat ive 
o f : s e t  f i e lds  o r  the two sensors, t h i s  sampling i s  multirate, consis- 

t i ? g  of 12 samples of 4.8 sec duration separated by 20.5 sec gaps (a 

tc :a l  of T1 = 225.5 
ha l ing  an overall (12 sample set) repeti t ion period of T2 = 328 sec. 

( C : r  times a re  rounded-off approximtions t o  the exact t i m e s  given by Ness 

et a l . )  

a r i log  (amplitude modulated) pulses of 4.8 sec duration i n  the sequence 

followed by an unsampled gap of 102.5 sec, and 

Thus, the fluxgate data recorded on the ground were i n  the form of - -  
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jus t  :-escribed. 

contEi.ned an impressed calibration signal. 

each pulse were therefore excluded from the data analysis (Ness, private 
corn iication) thus reducing the effective length of each pulse t o  

T = 1 ,O sec. 

The first, approximately 0.8 sec portion of each pulse 

These leading portions of 

On the ground, each 4.8 sec analog pulse was digit ized a t  inter- 
vals of 0.16 sec. 0-f the 30 d ig i t a l  points so derived, the first five 
were rliscarded t o  eliminate the calibration signal, as previously dis- 

cuss, 1. The remaining 25 points were scanned by a suitable prediction 

f i l - t  r t o  eliminate the obviously 'bad' points due t o  telemetry drop- 

out )r other a r t i f i c i a l  sources (Ness, private communication). If more 
than 10 percent of t h e  d i g i t a l  points i n  any given sample were incon- 
sist tnt  with the predictor program, the en t i re  sample was omitted i n  

conp:ting an average f i e l d  E. 
Subsequent t o  the data scan jus t  described, acceptable samples 

contiining the nominal number of 25 d ig i t a l  points were numerically 

fi1t:red t o  extract the f i r s t  harmonic and the f irst  and second time 

deriratives of the digit ized signal a t  the nominal spin frequency. 
nume r ical  f i l t e r s  w e r e  presumably narrow bandeq. 

The 

DatE Reduction Equations. The magnetometer data reduction method was 

base.. not on the  general equations (2-2, 3, and 4); but, rather, on 
the? r* contractions for constant f i e l d  approximation: 

- -- 

f ( t )  = E,, COS 8 + B sin e COS (.h;t-$), 
I 

f ( t )  - -a B s in  e s in  (am%-$), - m . l  

and 

2 .e 

f ( t )  - -a B s in  0 cos (m t-$> . - m L  m (4-3) 
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Clearly, (4-1, 2, and 3) can be consistent with (2-2, 3 ,  and 4) .. 
only if the variations represented by ( t ) ,  ( t)? (t), % (t), 
and 1 (t) are a l l  negligible on the scale of the variation cos urn%. 
Howe ?r, if these d i f fe ren t ia l  coefficients of the sinusoid6 Of argu- 

I I  71 I I 

ment umt vary or a re  otherwise non-negligible, a s  one could expect i n  
1oca . ly  disturbed magnetic fields, the en t i re  data reduction procedure 

basei on constant gbecomes invalid, for  the most part, i n  an indeter- 

mina ;e way. 

If the t i m e  variable terms above are i n  f ac t  negligible, the 

QI, and + can be found from the equations 11' Bly 
des:! w e d  vector quantities B 

cu t -$ = arctan [um;(to)/"fto)] , m o  

4 B 2  s i d e  = cu2i2(t m 0 ) f ?(to) , 
I 

(4-4) 

(4-5 1 

and 

where the instant t = t 

ins? ant was chosen by the  Explorer 18 experimenters (Ness, private com- 

mnication) t o  correspond t o  the central point of the 25 d i g i t a l  points 
usec i n  analyzing one sample. 

tho:(? used in  reducing the Explorer 18 data. 
(4-1 1 - (4-'7) was transformed t o  the solar ec l ip t i c  coordinate frame 

(x, ;r, z )  and the components i n  that  f'rame were averaged over each 

nom: iial 12 sample sequence t o  produce a 5.46 min averaged vector 
cow onent s 

can be selected i n  a convenient way. This 
0 

The above expressions (4-4) - (4-7) a re  

The vector computed from 

of 

N - 
B = N - l L  Bj(n) . (4-8) 

n= 3 
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Varit nces 

(4-9) 

- 
and tandard deviatioiis (6B2)1’2, called. variances by Ness - e t  -‘, a1 were 

a l so  conipul.~ci f o r  tile 12 samples. 

use ,he t , t , r m s  variance and standard deviation interchangeably. 

3 
I n  the remainder of t h i s  paper we sha l l  

Certain broad statements about bui l t - in  ambiguities i n  the 

Exp1:rer 18 system can be made a t  once. 

was lesigned t o  extract  numerically only the dc and spin frequency com- 
poncr,ts of the sensor signal, and was i n  no way intended t o  find other 

frecLtencies or  t o  compute nth - derivatives of the magnetometer output. 

A t  I:.&, therefore, only the unvarying portion of the ambient f i e l d  

vect:tr could be obtained, no matter how insignificant t h i s  fraction of 
the  Lotal f i e ld  vector might be. Consider, however, the  amplitude 

modi I-ated i l l u s t r a t ion  of eqs . (2-6, 7, 8) , where ambient fluctuations 

a t  1 he spin frequency @=a ) appear a s  dc and second harmonic terms. 

Since the Ekplorer 18 spin r a t e  varied over the f irst  70 days of f l i gh t  

fro1 f = 0.371 cps t o  fm = 0.405 cps, it follows that i n  regions of 

spa( e where the ambient f i e l d  spectrum b( f )  contained significant energy 
i n  ‘Yequencies i n  the range 0.371 t o  0.405 cps, no useful quantitative 
infccmtion of any kind, vector properties o r  r . m . s .  amplitude, could 

pos Lbly be extracted from the specified fluxgate data reduction pro- 

cea-re because of spin modulation-field fluctuation heterodyning. 

The data reduction procedure 

m 

m 

Furthermore, inherent a l ias ing of the  power spectrum was shown i n  
Sec;ion 3 CEq. (3-8)J t o  occur i f  the ambient f i e l d  spectrum b(o) contains 

i f ican t  energy a t  frequencies LO > 1/2 w2 = n/T2. For Explorer 18 
(se 3 Fig. 2), T2 = 328 sec a Thus the ambient spectrum must not contain 
ene-gy a t  frequencies f > 0.0015 cps i f  power spectra are t o  be computed, 

s i E  :e the  amplitude factor(sin rr;d/.rry i n  Eq. (3-8) is  (sin 56?/2.16 = 0.38 
whP:h i s  not small compared with unity. 

p l i i g  format of Explorer 18% fluxgates, the applicable Nyquist fre- 
It follows tha t  f o r  the sam- 

que2cy i s  fn = 0.0015 cps. 
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5 .  MEASUREMENTS BY MPLQRER 18 IN THE: TRANSITION W I O N  

So far, we have shown that a t i l t e d ,  spinning fluxgate magneto- 

mejer i s  subject generally t o  inherent ambiguities a r i s ing  when the 

am7J-lent f ie ld  i n  which the sensor rotates is dynamically active.  

ha-c  a l so  shown w h a t  happens t o  the signal A-om such an instrument 

wht.3 cer ta in  hypothetical examples of ambient f ield behavlor are pre- 

We 

s e t t ,  and we have shown the  additional comgUcations which may arise 

w h ' n  t he  sensor output i s  subjected t o  a par t icular  type of multlrate 

saipling. 

syitem was a multirate-sampled, t i l t e d ,  spinning fluxgate system po- 

t e i t i a l l y  open t o  a l l  the ambiguities of mch systems i n  the presence 

of magnetodynamic ac t iv i ty  along the  t ra jectory of the  vehicle. 

Finally, we have shown that the Explorer 18 magnetmeter 

In 

t11.s section we demonstrate t h a t  the l imitations imposed on t i l t e d  
fuxga te  experiments by a magnetodynamic medium actually affected the 
El-plorer 18 instrument i n  the t rans i t ion  region. 
t E t ?  bearing these ambiguities have on physical inferences drawn from 

t 13 Explorer 18 resul ts .  

We then discuss 

-- S:ppificance of the  5.46 mSn Variances. 

t:ons of the Ekplorer 18 data are affected by the  ambiguities outlined 

i r .  t h i s  paper occurs i n  the published graphs of the vector quantit ies 
dc rived fromthe data themaelves. The figures contained, f o r  example, 

i:. the preliminary report of Ness -- e t  al.  (l96k) and i n  a later report 

oil the "lunar wake" by Ness (1965a) clear ly  show tha t  the variances 
( * - -9)  are  non-zero over substantial  portions of the satell i te orbi t .  

I i fact ,  Ness -- e t  a l .  (1964) characterized the  t rans i t ion  region and, 

p t r t i a l ly ,  the lunar wake, by the continuous presence of non-zero 

sandard  deviations, l.e., by the  existence of f i e l d  fluctuations f o r  

w*iich - was appreciable (0.5 - 2.0). But, it is i n  j u s t  such cases of 
l t rge proportional deviations 6%fi  that it m y  be Impossible t o  extract  

uiambiguous vector properties of the ambient f i e l d  f r o m  the  f l uga te  

d i ta .  
szandard deviation means that during the  interval giving rise t o  the  
dzviation, the sampled f i e l d  contained per iodici t ies  shorter than 225 sec. 

The f i r e t  indication that sec- 

6B 
B 

me existence of a given 5.46 (actually 3.7) min, non-zero 



(I 

Flu1:tuations of periods less than 225 ,sec could create a variance in 
e i t  ier of two ways: 

dif?er ing f ie lds  for each of the 12 samples used i n  computing the 

var.lance; second, periods between 20 sec and the  magnetometer f i l ter  

first, periods of, say, 10 t o  225 see, would give 

cut :ff 
B md 

ser re, 

ne: :. 
I I  

of .2 sec, would tend t o  distort t he  indlvidurtl evaluations of 

B , giving rise t o  quantit ies a r t i f i c i a l l y  a l iased in the  vector 
and in no way required t o  be consistent from one sample t o  the  

Existence of the  second source of variance i n  the t rans i t ion  

I 

zo-.? i s  established by the appearance of degenerate spin-modulated 

w a  -?forms i n  Explorer 18% r a w  data (Ness -- e t  a l .  1965). 
coizlude tentat ively tha t  the magnitudes and directions of the tran- 
s i , i o n  region f ie lds  published by Ness -- e t  a l .  could be s ignif icant ly  

i r  error, and tha t  vector quantit ies corresponding t o  sections of 
t h  ? published graphs within which the 5.46 min standard deviations 

Thus, we may 

I 

ar:  non-zero could be f i c t i t i ous  constructions fabricated by the  

ac:tomated data reduction scheme. 

We next ask ju s t  what quantitative errors  @ght have been induced 
by f i e l d  variation, and t o  do so we turn t o  some later measurements with 
o t i e r  types of systems i n  the  t ransi t ion region. 

E f  ;xt on the  Explorer 18 Experiment of OsciUations Observed by OcfO-1. 

A reliminary report by Heppner (1965) on the  000-1 fluxgate mgneto- 

me , e m ,  which transmitted their  informtion at  a much higher b i t  rate 
t h t n  did those of Ekplorer 18, has shown the exlstence near the  tran- 

s i ; ion zone boundary of f ie ld  oscil lations in the range 0.8 t o  1.2 cps, 

wi;h amplitudes comparable t o  the background f i e l d  magnitude. 
nc:ation of Section 2 of t h i s  report, we suppose the osci l la t ions were 

of the form (2 -5) ,  with il/2rr 2(udm>, and €$, Bo. Then a narrow 
(iS.ea1) f i l t e r  centered on cum would pass the  following portions of 

In the  

(2-4, 7 9  8 ) :  
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'where we have se t  n = 1 and n = am. According t o  Eq. (4-4) the  

=?.rent -- spacecraft-field coordlnate $ ' is  computed from 

Equation (3-8) leads t o  the ident i ty  $ '  $ only under two very 

~ p ' ~ c i a 1  conditions: 

fic Ld Bl = 0, or i t s  approximation 5 << Bo; and second is tha t  2$ = ppl, 
wh .ch also gives $ '  = q .  
phi.ses of the ambient f i e l d  and the vector coxponent in the spin plane 

"he first i s  obviously that of the  perfectly quiet 

The latter is a condition on the  re la t ive  

bu; t h i s  cannot be assumed 
me surement . A reasonable 

an  1 q$. 

It follows that for  

t o  hold always for any arb i t ra ry  time of 
assumption would be uncorrelated angles $ 

€$ - Bo and an a rb i t ra ry  relationship between 

cpl and J t ,  the expression (5-4) w i l l  yield an angle $' which d i f f e r s  f'rom 
th 3 t rue  angle $. Also, t h i s  ~pur ious  angle $ '  depends upon the instant  

of time, t = 

t = to, on the phase $ - cp, and the re la t ive  amplitudes Bo and 5. 
chosen t o  evaluate (5-4). It also depends, fo r  fixed 

To demonstrate the  risk of computing $'  f'ram (4-4) when (5-4) I s  

vaLid, we  note that  i f  R = q / B o J  then 

u) t -$' = 0 when 2sin(cumto-*) = -Rsin(cu t +-cp,) 
rno m o  

w m o  t -$' = n/2 when [cos(~mto-~)+(l/2)Rcos(~mto+$~~)] -+ 0' 

cornto-$ I = -n/2 when ~cos(cumto-$)+(l/2)Rcos(~mto~~l)] * 0- 

ar Cl it follows that the angle $ ' can be i n  error by 2 90' depending 
uron R, $ J  tpl, and to. 
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Thc qualitative behavior of *' is elucidated by considering the functions 

wh:re 6 5 2$ - ql. 
ca mot d i f f e r  radically from those of sln(cumto-$) for phase s h i f t s  
- 7 ~  < 6 < n. 
S E ~ U .  

muthal angle versus the  r a t i o  R = %/Bo i s  shown i n  Table 1. 

t k ? . t  the GGO-1 measurements (Heppner 

For R << 1,the zeros of N(u.&t,-$,rpl,R) and D(co,t,-$,tp,,r) 

Hence, under these conditions the er ror  {$'-$I will be 
The maximum possible error I+'-*\ i n  computed value of azi-  

Note 

1965) indicate ratios 0 < R 1. 

Table 1. Maximum Error I$'-$ I f o r  Various R - 4/B0 

To determine possible errors i n  amplitude, consider Eq. (4-5) 
w::tch presumably defines B = B s in  a. From (4-5), (5-2) ,  and (5-3) 
tl.e apparent f i e l d  component B' is given by 

I 

I 

(B')2 = (B  )* (1 + R2/4 + R cos 6 } 
I 01 

B = B cos CX 
01 0 

6 = * - C p 1 .  (5-5) 

T i e  l imiting errors  f o r  fixed R = %/Bo occur for 6 = 0 and 6 = n: 

i 
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We emphasize that B is  the very low frequency coqmnent of the  true 
antdent f i e l d  perpendicular t o  the  spin axis, and is the  contribution 

m c s t  important i n  forming a 5.46 minute average as described i n  
SE ction 4. 
axparent-to-true l o w  frequency components a re  shown i n  Wble 2 as a 
fx riction of R = %/Bo. 

01 

The minimum and maxinarnt values of the ratia B'JB of 
I 01 

Table 2. Minimum and Naxirmun Values of B'/B for Increasing R 
I 01 

;. = B J B ~  0 0.25 0.50 0.75 1.0 2 .o >> 2 

.l'/B ,(6=rr) 1.000 0.875 0,750 0.625 0.500 0.000 m 
1 OJ. 

Similar calculations can be carried out t o  ascertain the  discrep- 
and polsr angle a', and the a: i cy  between the apparent f i e l d  component B' 

t * d e  ambient values B 

t ,  i l l u s t r a t e  the possible ambiguities or  erroneous vectors which can 

r ?suit from an indiscriminate application of the quiet f i e l d  approxi- 
mitions (4-1, 2, 3)  t o  a case i n  which the ambient f i e l d  is amplitude 
m&iiated i n  a coherent fashion. 

tie ambient f i e ld  fluctuations w i l l  be a continuum, and there I s  a clear  

r-isk of passing through a f i l t e r  centered on (u +i am energy which is  
s l i f ted from some frequency band A (n n) In the i n e r t i a l  frame of the 

aabient f i e l d  into the passband of the f i l t e r  by means of spin modula- 

tlon-amplitude modulation heterodyning. 

II 
and (31, However, t he  above results a r e  adequate 

oll 

In general, the  Fourier transform of 

The calculations of the foregoing paragraphs demonstrate quanti- 
t j t i v e l y  the kinds of errors t o  which individual vector parameters con- 

t r ibut ing t o  Ekplorer 18% 5.46 min, 12 pt averages w e r e  subJect in the  

rresence of f i e l d  behavior known t o  exis t  In parts of the transition 
rigion. 
a ribient osci l la t ions were en t i re ly  a t t r ibutable  t o  an amplitude-modulated 

f ie ld ,  whereas, i n  general, one should expect coupled longitudinal and 

O f  course, we have used the par t icular  assumption that the  
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trEasverse waves and i r regular  pulsations of any polarization. 
ths'less, we see that the "vectors" computed from Explorer 18 data under 

t h f .  assumption of constant ambient f i e l d  are i n  error  by indeterminate 

Never- 

amlunts i n  the t rans i t ion  region, and, without independent evidence t o  

t h  contrary, may be equally ambiguous wherever 9 0. 

Av?raged -- Vectors from Fluctuating Fields. As t he  preceding calculations 

sk. :*w, individual values of the apparent vector quantit ies \E' I , a', and 
f '  computed from a sample of the t i l t ed  fluxgate signal f ( t )  by appli- 
C E  t,ions of (4-4) - (4-7) can be significantly in error  

ce1.culated using (4-8) involve the arithmetic means of (nominally) 
t5elve such values. If these individual values can have significant 
ej;-ors, then i n  general the arithmetic averages formed from them W I L L  

bc erroneous. The reader can easi ly  verify that the r.m.s. deviations 

crrgputed from (4-8) w i l l  be significantly different  from zero fo r  many 
~ ~ r i e t i e s  of f ie ld  spectra. 

r 1n.s. deviations w i l l  be appreciable i f  e i ther  (1) the ambient f ield 

i , "turbulent", "chaotic", or "noisy" ( i n  any w e l l  defined sense of 

s'tzh terminology), o r  (2) the ambient f ield possesses coherent osci l -  

- Ifitions -- as t reated above and in Section 2. There is no unambiguous 
W L Y  t o  determine which sor t  of fluctuating f i e l d  is responsible f o r  

t i e  r .m.8.  deviation simply by looMng a t  t h i s  quantity alone. Moreover, 

since 33' B', and + were transformed t o  f i e l d  components in the  Cartesian 
E!C f r a m e  before computation of 12-sample averages and variances, errors  

is. e i ther  would be distributed among all three Cartesian components, 

x3.king them a l l  subject t o  the errors of the spscecraft measurement 

The averages 

Indeed, one can eas i ly  prove that the 

I_ - 

11' I - -- 
- _.- 

-- 
- -  

Based on the resu l t s  of this study, one can Indeed use the r.m.8. 
ieviations published fo r  the Ekplorer 18 experiment as a gauge of the 
iegree of confidence one may assign t o  the f ie ld  "vectors" given a t  
corresponding t i m e s .  It seems c les r  from (XLT calculations that when- 

tver the r.m.8. deviation (SB2>1/2 is camparable t o  (lee., same order 
(1:: magnitude as) the averaged f i e l d  amplitude (B2)1/2, t he  ambient f i e l d  

-";2s too disturbed for  equations (2-5, 6, 7) t o  be valid, and the "vector" 

~ g a n t i t i e s  (B'}, (f') and (a') (or the i r  solar ec l ip t i c  equivalents) 

::<;.ed not bear any close relationship t o  the  true values (B}, (f), and 
< ( x >  of the very l o w  frequency constituent of g(t). 
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' Twt\Ive Point Averages of Transition Zone Data Seen by VELA Magnetometere. 
To illustrate the relationship between Explorer 18's 12-point (5.46 min) 
av'rages and transition region fields, we examine a data sample obtained 
wi .h  one of the third launch VELA magnetometers. 
selreh coils measuring the mbient field projection B on the plane nor- 

m a .  to the VELA spin axes, along with the angle on the same plane, be- 
tuzen the field projection and the sun-spin axis plane. me B component 

I 
is measured through a low pass filter with cutoff at 0.1 cps; the vehicle 
srlns at approxilnately 2 cps, and the telemetry sampling rate for B 
oz i  pt every 2 seconds, so that the Nyquist frequency is .25 cps. The 
irstruments themselves are subject to conventional aliasing by ambient 

sjgnals at twice the spin rate and to small spriaus contributions 

a3 :-sing from the differentiating nature of the sensor (Sonett 1963)~ but, 
0: course, they are completely insensitive to vector aliasing. 

- -  

These instruments are 

I 

is 
I 

In Fig. 3 is a section of the VELA record showing a sample of 
tixnsition region field close to the dawn meridian at. 18 Re and 274' 
scz-ar ecliptic longitude. 
&<;a representing the magnitude of B . The lower curve is a smoothed 
vfi-sion of the upper graph, formed by the three point rwuzing mean of 
tl e r a w  data. 
srnnpling format of Explorer 18; the curves themselves have been drawn 
a:-;ernately sol id  and dashed to reflect this format, the solid segments 

The upper graph is a machine plot of the raw 

I 

Underneath the two curves is displayed the 5.46 min 

rc:xesenting portions of the data that might have been seJnpled by the 
E-2lorer 18 system, 

The field oscillations depicted in Fig. 3 are especially large 
i: amplitude, but, in character, not untypical of VELA transition region 
di.ta examined up to the time of writing. 
":arse" readings of the VELA System, with approxinnrtely 6 y digiti- 
z ttion. 
t) the section of data in the figure show considerable fluctuation. 
e111 attention to the comparative coherence of the measured component 
orer intervals on the order of minutes; to the resemblance between the 
dtta periodicities and those of certain common types of pc and pt micro- 
pilsat ions observed in geonagnetic ground records; and t o  the apparent 12 

The plotted data are from the 

Both fine readings and the phase measurements * corresponding 
We 



t o  2 0  y amplitudes on the measurement plane of these large t rans i t ion  region 

wavt :L 

por- ed near the shock by Eeppner (1965) and are roughly 50 to 100s of 
the Field magnitudes shown by Fairfield and Cahill (1966). A t  the same 
t i m . ,  the amplitudes are  as much a s  double the  total "vector" magnitude 

ty-p -tally seen by Explorer 18 i n  the t ransi t ion zone (?less -- e t  a l .  

The amplitudes are  comparable t o  the total t rans i t ion  f i e l d  values re- 

1964) . 
The superposed Exlplorer 18 data formst serves t o  demonstrate the 

The average of the d i f : icu l t ies  of interpreting the 5.46 mln averages. 

f i r : t  group of twelve samples i n  Fig. 3 would be close to  the  mean of 

t h e  signal which could, fo r  the sake of example, be 5 y, irsplying a 
sm1.1 dc contribution t o  B . 
be Zion-zero, i n  t h i s  case, because of the presence of coherent, quasi- 
sirLisoidal osci l la t ions rather than "disordered" f ie lds .  The dc and 

wr:-.ctnce values would form a poor representation of the ambient field's 
corparatively organized dis t r ibut ion of energy. 

The corresponding standard deviation would 
I 

The peak t o  peak periods i n  the smoothed sample of Fig. 4 tend t o  

be near 12, 24, or  36 seconds. We may eas i ly  imagine a f ie ld  sample of 

sir .I lar pattern, but with 20.5 second period, during which chance might 
pl-i ce 12 samples 20.5 sec apart, i n  phase with the signal zero-crossings, 

so t h a t  even the standard deviations would be negligible, regardless of 
th- fluctuation amplitude. 

Finally, we note that on the shorter bsec  time scale of each 
s a i p l e ,  B i s  changing enough i n  some cases t o  d i s t o r t  the  looked-for 

sp .n modulated signal. During the s ix th  4-sec sample (from the  l e f t )  of 
Fi:. 4, fo r  example, B varies by some 10 t o  12 y. The aspmetr ic  spin- 
waFeform created by such a short-term change would lead t o  a dc contri-  
bu;ion interpreted fa l se ly  as a part of . Moreover, since t h i s  f i c -  

t i i i o u s  par t  of would vary from sample t o  sample, t he  l 2 - s q l e  
av-.rage of 
t h x g h  the t rue  B Were perfectly constant. 

I 

i 

TI 
71 

would i n  turn have a non-zero standard deviation even ?I 
11 

We see, therefore, the  way in  which inaccuracy and ambiguity can 
be created i n  the Explorer 18 data by the relationship between the com- 

bi;ation of magnetometer and telemetry format and the kinds of fields 
kr:wn t o  be i n  the t rans i t ion  region. 
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Qsica l  Inferences. 

ph5::ical implications of Explorer 18% i nab i l i t y  t o  monitor accurately 

the magnetic f i e l d  i n  regions of mgnetodynamic act ivi ty .  
faf1.1~ simple. Because of t he  inherent l imitations on the m l o r e r  18 
f l ixgate  experiment caused by vector aliasing, and the  imposed limita- 

t icns  of spin modulation and sarqpling format, neither the  vector nor the  

- SCI -- :tar (s .m.s , )  f i e l d  i n  very disturbed parts of the  trsnsition region 

ca: be deduced with confidence by any means from the available data. 

pa- t icu lar ,  details of the physics of the t rans i t ion  region's shock- 

l i z  outer boundary, or  even the location of the boundary, cannot become 

W e  a re  f ina l ly  i n  a posit ion t o  ask w h a t  may be the  

The answer is 

In 

knwn accurately on the basis of these magnetometer measurements. 

The only safe interpretation of m l o r e r  18% emergence from a 

relion of large 6B/'B t o  one i n  which t h i s  parameter i s  small is very 
crAde: 
i n  the  loca l  f i e l d  Z(t) t o  one of reasonably steady field 4 of mea- 
surable properties. Without more detailed information than this, con- 

f i x a t i o n  of any theory of a shock t ransi t ion between the  geamagnetosphere 
an3 the solar wind by the  Ekplorer 18 experiment cannot be made, even i f  

we were t o  accept the problematical hypothesis that magnetometer data 

bj themselves, uncorrelated with plasma measurements, can verify or  con- 

tr:.dict coll isionless shock theory. 

1535), show the existence of nearly coherent, - 1 cps, f i e l d  osci l la-  
t::)ns exactly a t  the apparent boundary between the solar wind and the 

t r m s i t i o n  zone, and t r a i l i n g  off on ei ther  side of the interface. 

bcindary, i n  t h i s  case, was identified by an apparent sudden change i n  

t 2 v  background f i e l d  i tself ,  rather than by the presence or absence of 
fluctuation, and the  same cr i ter ion of sudden change i n  dc f i e ld  was 

mc ntioned by Holzer  e t  a l .  (1966), although a simultaneous fluctuation 
bcundary was a l so  noted. 

f t  :-ently t o  the  ambient f ie lds  on ei ther  side of t h i s  boundary, but 

ii n e i t h e r  case would it necessarily provide a correct measurement of 

e'en the dc component. 

0- the Explorer 18 system t o  the multiple boundary crossings reported 

b; Holzer e t  a l .  (1965), Coleman e t  al. (1966), and evident i n  pre l i -  
m:riary VELA 3 data now being analyzed by the T R W  magnetometer group. 

it moves from a region of significant but Unknm fluctuations 

The OGO-1 data, fo r  example (Heppner 

The 

-- 
The Explorer 18 instrument would respond d i f -  

Moreover, we can but speculate on the reaction 

-- -- 
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The ambiguity of even locating the shock on the basis of the 5.46 , 

m3:. variance criterion is evident on examlnation of just the few published 
grftphs of processed magnetometer data covering the shock crossing. 
dzf'ficulty in defining objectively a precise terminus or onset of slgni- 
f?cant variances can be seen, for example, in Figures 14, 17, 19, 21, 33 
03 Ness -- et al. (1964), where sudden changes in variance may (Fig. 19) or 
m y  not (Fig. 33) correspond to simultaneous abrupt chsnges in the con- 

s--xcted de field vector; where variances sometimes fade out gradually 

tc low, but non-zero, levels; and where junrps in variance occur in whst 
i: apparently interplanetary space. The annoyance of having to use the 
t:Lted fluxgate data and their standard deviations to identify collision- 
1 s s s  shock locations was clearly recognized by the Explorer 18 eIq?eri- 
rn:rrters, for on orbit 6 inbound (Fig. 21 of Ness -- et al. 1964) they were 
firced to abandon the customary variance criterion altogether in an 
e'fort to define a "questionable" shock from discontinuities in the con- 
s.,ructed vector components alone, at a point several earth radii distant 
f-om either of two "shock" locations given by Wolfe -- et al. (1966) for the 
~ m e  pass, and where nothing of interest affected the variances. 

The 

The converse, of course, should not be overlooked in the face of 
t;ese rather negative results of our evaluation of the Explorer 18 ex- 
-g zriment . Wherever (1) 6B/B is small, as evidenced by negligible 5.46 
n l n  standard deviations, and the computed field vector is relatively 
steady with time or, (2) in the absence of deviations, where the vector 
FTems to form a particularly steady, coherent, and repeatable pattern, 

may feel secure in concluding that the constructed vectors are very 
close to the true ambient magnetic field. These conditions apply to 
nost of the published interplanetary data and to the measurements by 
Ixplorer 18 in the Earth's mgnetic tail (Ness -- et al. 1965) although 
the absence of varlance graphs in figures accompanying the tail data 
:eaves in doubt some sections where the computed vectors are apparently 
j e s s  ordered than usual, especially in view of Anderson's (1965) obser- 
\ations of rapid fluctuation in energetic electron population. 

Finally, we note that the limitations we have discussed in this 
11iper apply anywhere outside the transition region when 6B/B is ap- 
~i-eciable, a condition probably evidenced by the appearance of non-zero 
:..46 min standard deviations. The ambiguities caused by vector aliasing 
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woild therefore apply to the processed vectors and their deviations 

du-ing the period of 14-15 December 1963 In which EScplorer 18 is alleged 
tc have encountered the Moon's magnetohydrodynamic wake (Ness 1965a, c) 
S1r.ce virtually any kind of field fluctuation -- sinusoidal or disordered- 
cc.cld produce, in the tilted fluxgate, output signals giving rise to non- 
Z E I ' O  standard deviations and artificial vectors, the suggested identifi- 
CE tion of the lunar wake by virtue of the "similarity" of the mid-December 
WI-iances to those observed habitually by mlorer 18 in the Earth's 
tir~nsition region (Ness 1965~) would be unjustified even if no alter- 
ni%ive explanation of the fluctuating field behavior were available 
(( :-eenstadt 1965; Hlrshberg 1966). 

6 .  CONCLUSIONS 

We have investigated the data processing problem presented by a 
m.lltirate sampled, spin-modulated, tilted fluxgate magnetometer signal, 
w.th particular attention to the transition region results of the 
E:plorer 18 magnetometer experlment . 
hive led to the following conclusions: 

The results of the investigation 

1) The vector properties of the ambient nnrgnetie field deduced 

<< 5. !l?hus, 

f-om tilted fluxgate data using the procedure described in 
S?ction 4 are reliable when the r.m.6. deviation 
tie mjority of the published interplanetary magnetic field measure- 
m:nts deduced from Explorer 18 magnetometer data by assuming B 
a:pear to be valid. 

0 

2 )  The vector properties of the ambient field deduced from 
tilted fluxgate data by using the method of Section 4 are quantita- 
tively erroneous when the r.rn.8. deviation (6B ) 1/2 w 5. Thus, the 
F jblished transition region magnetic field measurements of Eqlorer 18 
are probably unreliable and may bear no obvious relationship to the 
Enbient field vector. 
drcring disturbed periods in the interplanetary medium, such as the 

'c:haos" to the transition region field on the basis of large variances 
j s  unjustified since coherent field oscillations also can produce such 

The same statement applies to the measurements 

I-unar wake", or the magnetosphere. Furthermore, the assignment of 

-28- 



yir&rT:nnces, and the "shock" locations defined generally on t he  basis of 
varr.imce onset cannot be unambiguously and objectively delineated. 

3) Because of d t i r a t e  s a p l i n g  of the  Xxplorer 18 fluxgate 
2 

sigIr3ls, no re l iab le  (unaliased) power spectrum Ib ( c o ) ~  of the ambient 

magietic f i e l d  (and thus no r.m.8. f ie ld  mgnitude) can be deduced from 
t h e  sampled data i f  the ambient f ie ld  contains significant energy i n  
f1u:tuations a t  frequencies f > 0,0015 c/s, which is  the  lowest Nycpist 

f r e  juency associated with the data sampling f o m t  . Since (&)'I2 cw 

imp-ies significant f luctuations a t  frequencies f > 0.0044 cps, it is 
cle3r that a l l  of the Explorer 18 t rans i t ion  region data are In t r ins ica l ly  

ali:3 sed. 

4) In view of the  foregoing, the assertions that Explorer 18 data 
prcfided "continuous vector monitoring" of the magnetic field, and that 

".r.accurate measurements of the vector magnetic f ie ld  by the  IMP-1 
eq?rlment ... permit the investigation separately of direct ional  changes 
and mgnitude changes" (Ness, 1965~) cannot be taken seriously f o r  por- 

t i c a s  of the orb i t  within the  t rans i t ion  region and f o r  segments of any 

o r l i t  i n  interplanetary space or the magnetosphere along which the r.m.8. 
de>-I.ations are a reasonable fraction of t he  averaged f ie ld  'ii. 

5) Discrepancies between t rans i t ion  zone resu l t s  of the Explorer 

18 magnetometer and those of other instruments on the same or different  

spicecraf t  cannot be resolved on the basis of physical arguments alone. 

6) Physical understanding of the solar  wind-geomagnetosphere 
t r m s i t i o n  zone and of disturbed interplanetary conditions, insofar a s  

suzh  understanding may depend on howledge of the  dynamics of the mag- 

netsic f ie ld ,  w i l l  have t o  await the full resu l t s  of a magnetometer experi- 
ment making instantaneous, spin-demodulated, or modula ted ,  t r i - a x i a l  
w:.surements using a wide band telemetry system. 
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is along the  z axis, and sun vector s is 
i n  the x - z  plane. 
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